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Modeling elementary reactions in coke formation from first principles
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@ Center for Molecular Modeling, Ghent University, Proeftuinstraat 86, 9000 Ghent, Belgium, *Laboratorium voor

Petrochemische Techniek, Ghent University, Krijgslaan 281-S5, 9000 Ghent, Belgium
(Received )

Theoretical calculations are presented on elementary reactions which are important during coke formation in a thermal cracking unit.
This process is known to proceed through a free radical chain mechanism. The elementary reaction steps that lead to the growth of
the coke surface can be divided into five classes of reversible reactions : hydrogen abstraction, substitution, gas phase olefin addition
to radical surface species, gas phase radical addition to olefinic bonds and cyclization. To identify the elementary reaction classes that
determine the coking rate, all microscopic routes that start from benzene and lead to naphthalene have been investigated. It is found that
initial creation of surface radicals, either by hydrogen abstraction or substitution and subsequent hydrogen abstractions, determines the
global coking rate. The influence of the local polyaromatic structure on the kinetics of the hydrogen abstraction reactions is determined
by performing calculations on a large set of polyaromatic hydrocarbons (PAHs). On basis of the BDE values six types of possible reactive
sites at the coke surface can be distinguished. For the initial hydrogen abstraction the local polyaromatic structure strongly influences
the reaction kinetics and abstraction is preferred from less congested sites of the polyaromatic.

Keywords: radical reactions, hydrogen abstraction, density functional calculations, polyaromatic hydrocarbons, bond dissocation
enthalpy, coke

1 Introduction

Thermal cracking of hydrocarbons is the simplest and oldest method for petroleum refinery processes and
is considered as the main process for the production of light olefins such as ethene. The thermal cracking of
hydrocarbons is known to proceed through a free radical chain mechanism. Radicals are mainly formed via
C-C bond breaking and propagation occurs through abstraction and [(-scission reactions. Decomposition
of radicals by [-scission results in the desired gas-phase olefins. During this process, highly undesirable
carbon-rich products are formed on the inner walls of the reactor giving rise to the formation of a coke
layer. This coke layer has a negative influence on the efficiency of the cracking unit. The process of
coke formation is a complex phenomenon (1; 2; 3). Initially coke is formed by a heterogeneous catalytic
mechanism in which the properties of the inner tube skin play an important role. Once the metal surface is
covered with coke the catalytic activity of the metal particles diminishes and a heterogeneous non-catalytic
mechanism becomes important. The coke layer thus formed has a polynuclear aromatic character. Usually
one focuses on the second process since the period of catalytic coke formation is very small with respect to
the total run length. In today’s operation of a plant simulation models play a very important role. Recently
a coking model based on elementary reactions was developed at the Laboratorium voor Petrochemische
Techniek (3; 4). In view of the fundamental nature of the elementary steps considered such a model is of
general applicability . One of the main challenges in the development of an accurate and broadly applicable
model is the assignment of rate coefficients for individual reactions occurring in the reaction network. The
fundamental nature of the elementary steps considered allows the use of theoretical calculations to provide
kinetic and thermodynamic data and to obtain microscopic insight in the basic reaction steps of the coke
formation model. The elementary reaction steps that lead to incorporation of carbon atoms and growth
of the coke surface can be divided in five classes of reversible reactions (cfr. Fig. 1):

(i) Hydrogen abstraction reactions by gas phase radicals and reverse reactions
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Figure 1 : Radical elementary reaction steps leading to coke growth

(ii) Substitution reactions by radicals at the coke surface and reverse reactions
(iii) Addition reactions of radical surface species to gas phase olefins and the inverse (-scission of a radical

surface species in smaller surface species and gas phase olefins

(iv) Addition reactions of gas phase radicals to olefinic bonds in a surface species and the inverse decompo-

sition of radical surface species to gas phase radicals and olefinic surface species

(v) Cyclization of radical surface species and decyclization.

Due to the increasing capabilities of computing power and optimization of numerical models it is now pos-
sible to perform high level ab initio calculations on systems of industrial importance. Kinetic parameters,
such as the preexponential factor and activation energy, can be obtained by means of Transition State
Theory (TST). The microscopic quantities are obtained by means of ab initio calculations. In this work
preference has been given to Density Functional Theory calculations, since this approach is computation-
ally attractive for the larger structures that are involved. This approach has been successfully applied to
a variety of important chemical reactions. In the first part of this paper, microscopic routes starting from
benzene leading to the formation of naphthalene are investigated with the aim to obtain insight into the
elementary reaction classes that determine the rate of coke formation. In the second part of the paper,
larger polyaromatic clusters are considered in order to determine the influence of the coke matrix on the
kinetics of the elementary reactions.

2 Methodology

All calculations were performed using the Gaussian 03 software package (5). Geometries were optimized at
the B3-LYP level of theory, in conjunction with the 6-311G(d,p) basis set (6; 7). A previous study on the
hydrogen-abstraction reaction from benzene with the methyl radical showed the limited influence of the
level of theory on the optimized geometries (8). Other studies on related radical reactions also reported
that B3-LYP gives a reliable and quantitatively good description of geometries. (9; 10; 11). Frequencies
were computed at the same level of theory as the geometry optimizations to provide zero-point vibrational
energies (ZPVEs) and thermal corrections to the enthalpy, and to confirm the nature of the stationary
points. A scale factor of 0.9806 was used to obtain the ZPVEs from the calculated harmonic vibrational
frequencies, while unscaled frequencies were used to obtain the thermal corrections to the enthalpy. The
use of scale factors provides a means of accounting for systematic deviations between measured and com-
puted frequency-dependent properties, and is an important consideration for the accurate description of
reaction kinetics and thermochemistry (12). Single-point energy calculations were performed using the
BMK functional in conjunction with the 6-3114+G(3df,2p) basis set (13). The BMK functional was re-
cently developed by Boese and Martin and is accurate to approximately 10 kJ/ mol for the calculation of
reaction barriers. The good performance of BMK appears to hinge on the combination of a high percentage
of Hartree-Fock exchange (42%), together with terms dependent on the kinetic energy density, resulting
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in benzene,(8) as it is an accurate computational method and yet affordable for systems of moderately
large size, such as those studied in the present work. We applied transition state theory (TST) to calculate
the rate constants k(T) (14; 15; 16; 17). The link with the macroscopic quantities found in the Arrhenius
rate law is made by a linear fit of In k(T) values, calculated for a range of temperatures, versus 1/T. One
refinement in our theoretical treatment comes from the observation that some of the low vibrational modes
correspond to internal rotations rather than pure oscillations.

The standard harmonic oscillator (HO) model is known to be inappropriate for such modes and other
approximations, such as the free rotor (FR) or hindered rotor (HR) model are advisable for the description
of these modes (18). For identification of internal rotations, one must analyze the low vibrational spectrum
of the molecule. Due to steric and electronic hindrance in the molecule, these rotations are opposed by a
rotational potential. The choice of a particular description depends on the height of the rotational barrier
and the temperature, as illustrated in Figure 2. For low activated rotations the FR approach is used
whereas for more hindered rotations the hindered rotor approach is applied. In a recent study of radical-

/ ;
/

VNN

Figure 2 : Potential within Harmonic Oscillator (HO), Hindered Rotor (HR) and Free Rotor
(FR) model.

addition reactions, we demonstrated the importance of correctly describing hindered internal rotations in
order to obtain reliable partition functions. (18) Summarizing we use a mixed harmonic oscillator/free
rotor (HO/FR) or mixed harmonic oscillator /hindered rotor (HO/HR) model, in which all the internal
motions except for the internal rotations are approximated as independent harmonic oscillators.

3 Results and Discussion

3.1 Reaction routes from benzene to naphtalene

In order to obtain microscopic insight into the importance of the various elementary reactions leading to
coke, a reaction route starting from benzene and producing naphthalene is proposed, as shown in Scheme
1. At first instance the coke surface is approximated by one benzene ring. In the following section, the
implications of this approximation will be validated on the rate determining steps of the coke network.
The reaction sequence is initiated by hydrogen abstractions from benzene with gas phase radicals creating
radical surface species. In turn these radicals react further with unsaturated gas phase components.
Ethene has been used as coke precursor, as it is the olefinic hydrocarbon with the largest concentration
in the thermal cracking unit (19). The initial hydrogen abstraction was studied both using a methyl and
hydrogen radical. Farlier experimental work indicated that these radicals are very reactive in the coke
formation during thermal cracking (20).
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Scheme 1 : Reaction route starting from benzene to naphthalene

The reaction barriers at 0K, the frequency factors, activation barriers and the rate constants at three
typical temperatures for coke formation are given in Table 1 and for each reaction the transition state is
shown in Figure 3.

Elementary Reaction AEy A Ea k(875K) k’(875K) k(1050K) k'(1050K) k(1075K) k’(1075K)
I1 to I2 (with hydrogen) 62.13 1.08E+12 79.62 1.90E4-07 3.75E-05 1.18E4-08 1.15E-01 1.45E+08 3.46E-01
I1 to I2 (with methyl) 71.80 2.62E+10 80.9 3.86E+05 2.17E-06 2.46E+4-06 1.34E-02 3.06E+06 7.61E-02

12 to 13 17.52  8.92E+09 33.25  9.21E407 2.32E+401 1.97E4-08 €.20E405 2.16E+08 1.27E4-06
13 to 14 34.34  6.91E4-09 52.44 5.10E4+06 1.28E+-00 1.70E4-07 5.32E404 1.95E+07 1.15E4-05
14 to IS5 50.44  9.90E4-08 49.53 1.09E+06 1.09E4-06 3.39E4-06 3.39E+4-06 3.87TE+06 3.87E+406
15 to 16 (with methyl) 66.18 1.18E+10 80.54  1.83E+05 1.03E-06 1.16 E+4-06 6.27E-03 1.43E+06 3.57E-02
I5 to 16 121.02  6.52E+13 129.34  1.23E+4+06 1.23E+06 2.38E4-07 2.38E+407 3.36E407 3.36E+407
S1 to S2 55.29 1.29E410 68.63 1.03E+06 5.77E-06 4.95E+06 2.68E-02 5.94E+06 1.48E-01
S2 to S8 64.41 5.65E4-09 78.90 1.10E+05 6.16E-07 6.68E+4-05 3.62E-03 & 25E+05 2.05E-02
S3 to S4 45.45  4.60E+09 61.23 1.01E4-06 5.69E-06 4.12E+06 2.23E-02 4.85E+406 1.21E-01

Table 1. Kinetic parameters of the elementary reactions of Scheme 1. AEy and E, are reported in kJ/mol, whereas A is in units of dm3/mol/s
for bimolecular reactions and 1/s for unimolecular reactions. k and k’ are the rate constant and modified rate constant as explained in the text.
For the initiz! hydrogen abstiraction with methyl and hydrogen Ecksrt tunneling was also incorporated.

Rate constants of unimolecular reactions (e.g. cyclization reactions) and bimolecular reactions (e.g.
hydrogen abstractions and addition reactions) cannot be directly compared as they have different units. To
circumvent this problem modified rate constants are introduced for bimolecular reactions, by multiplication
with the concentration of one the reactants:

dcproduct

e k(T)cacg = K'(T)ca (1)

For the initial hydrogen abstraction, the reactant B is either the concentration of hydrogen or methyl
radicals while for the addition reactions the concentration of ethene is used. . Gas phase concentration
profiles were obtained from a simulation program, which is based on a detailed network of elementary
reactions, developed at the Laboratorium voor Petrochemische Techniek (21; 22). The reactor geometry
and the operating conditions are taken for a typical ethane cracking unit. The process gas temperature
profile as a function of the axial reactor coordinate is schematically shown in Figure 4 and varies between
800 K at the reactor inlet to reach a coil outlet temperature of 1100 K. Typical concentrations of ethene
and ethyne were obtained at the reactor inlet, in the middle of the reactor length and at the outlet the
reactor. These values are presented in Table 2

The modified rate constants are also tabulated in Table 1 and are visualized in terms of temperature in
Figure 5. It is found that the initial hydrogen abstraction are relatively slow, due to the low concentration
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30 Figure 3: Transition states for the elementary reactions leading to cokes
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50 Figure 4 : Temperature profile of the process gas along the reactor coil for typical ethane
cracking conditions

of the gas phase radicals. The individual rate constants however were found to be one of the highest in the
total reaction network. This conclusion remains unaltered either considering methyl radicals or hydrogen
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Axial Distance Ethene

1.09 m 2.52E-07 | 1.98E-12 | 5.62E-12
44.02 m 1050 | 3.14E-03 | 9.80E-10 | 5.42E-09
100.96 m 1075 | 5.88E-03 | 2.38E-09 | 2.49E-08

Table 2. Concentrations of ethene, the hydrogen and methyl radical at various axial reactor distances during ethane cracking. The concentrations
are in units of kmol/dm?>

o Ml 51013 (ethene)

o I3 to 14 (ethene)

In (K)

“1 I1to 12 (Ch3)
11 to 12 (H)

T T T T 1
850 900 950 1000 1050 1100

1T

Figure 5 : Modified rate constants for the elementary reactions leading to coke in the tem-
perature interval 850-1100 K.

radicals. The initially created radical surface species can further grow by means of various subsequent
additions. The first addition of ethene or ethyne to the phenyl radical is characterized by a high rate
constant. This can be explained by the reactivity of the phenyl radical. The subsequent additions are
slower whereas further cyclizations and dehydrogenation, proceed very fast. The dehydrogenation can
proceed either by a hydrogen abstraction with a methyl radical or a G-scission with release of a hydrogen
radical. The rate constants for both routes were calculated. The unimolecular reaction pathvway, referred
as 15 to I5 in table 1 has a relatively high activation energy but also a much higher pre-exponential factor.
Moreover due to the low concentration of methyl radica's, the (#-scission is preferred. The final goal of
this work should be the determination of the global coking rate. This requires the kinetic parameters of
all elementary reaction steps as presented here, but aiso the concentration of all intermediate radicals.
Therefore thie mass balances must be solved taking into account the pseudo-steady state assumption. This
procedure was presented in the work of Wauters and Marin (1) but on basis of semi-empirical kinetic
parameters. The prediction is the global coking rate with accurately determined kinetic parameters, as
presented here, will be a topic of future research.

In Scheme 1 the first step of the reaction network is the hydrogen abstraction creating a phenyl radical.

Alternatively also a substitution reaction could take place with creation of toluene from which a hydrogen
abstraction with methyl forms the benzyl radical :

+CH3 +CH3
@ + CHy =—=

-CH3 'CHs
S1

Scheme 2 : Radical substitution at the coke surface and further hydrogen abstraction with
creation of a benzylic type of radical.

The substitution reaction consists of two consecutive reactions : an addition of a gas-phase radical
creating a hexadienyl radical (S1 to S2) and release of the H atom with the formation of toluene (S2 to

http://mc.manuscriptcentral.com/tandf/jenmol
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o3). From that point benzylic type of radicals can be tormed by abstraction by another gas phase radical.

Page 7 of'k3 kinetic parameters for these three reactions are given in table 3.
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The hydrogen abstraction from toluene (S3 to S4 in Scheme 2) is substantially lower activated than
the corresponding reaction starting from benzene. As benzylic type of radicals are much more stable than
phenylic radicals, the activation barriers for the creation of the benzylic radicals is the lowest according to
the Evans-Polanyi relation (23; 24). Also the first steps leading to toluene are all lower activated than the
abstraction at benzene. When inspecting however the modified rate constants that also take into account
the concentration of the gas phase radicals, these initial steps remain very slow.

Previous discussion reveals that the initial creation of surface species determines the global coking rate.

3.2 Influence of the coke matriz on the kinetics

The reaction network discussed in the previous section was based on the assumption that the coke surface
could be approximated by only one benzene ring. It is however important to validate this approximation.
Therefore calculations were performed on larger polyaromatic compounds to establish the importance of
the local environment of the active surface site in the coke formation. This is done for the initial hydrogen
abstraction with the methyl radical creating a variety of possible aryl radicals.

Starting from a general polyaromatic (cfr. Figure 6) , a large number of possible reactive sites
can be identified. It would be desirable to classify all possible aryl radicals of PAHs into a limited
set of groups, each characterized by a given reactivity. A measure of the chemical reactivity of a

Figure 6 : Representation of general PAH and classification into various sites

site at an aromatic cluster is the bond dissociation energy (BDE) of the corresponding C-H bond.
BDEs of various aryl radicals formed from 13 PAHs i.e. benzene, naphthalene, anthracene, tetracene,
phenanthrene, benzo[c]phenanthrene, dibenzo|c,g]phenanthrene, benz[a]anthracene, dibenz[a,jlanthracene,
coronene, benzo[ajnapht[2,1-jlanthracene,

benzo[a]phenanthr[2,1-j]-anthracene, benzo[ghi]perylene (fig. 1) are studied, in order to determine the in-
fluence of the local polyaromatic environment on the C' — H bond strength.

The BDE values segregate into six groups with different reactivity, and which can be related to
the local structure around the site : benzene-like site (B sites), phenanthrene-like sites (P sites),
dibenzophenanthrene-like sites (DBP sites), benzophenanthreneanthracene-like sites (BPA sites),
benzophenanthrene-like sites (BP sites) and benznaphtanthracene-like sites (BNA sites) (cfr. Figure 8).
The indication of the various sites is also indicated on the PAH of Figure 6. More information about the
classification can be found in reference (25). The classification of PAHs into various groups was already

http://mc.manuscriptcentral.com/tandf/jenmol
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Benzene Naphthalene Anthracene Tetracene

2
2 3
1 3 1
4
4 l:::,l:::l
5 5
6

Phenanthrene Benzo [c]phenanthrene Dibenzo[c,g]phenanthrene
B

BP

3
1 2
@ 1

Benz[a]anthracene Dibenz[a,j]anthracene Coronene

BA DBA
QO
Q00

Benzo[a]lnapht[2,1-j]-anthracene Benzo[a]phenanthr([2,1-j]-anthracene
BNA BPA
| I:fE;::I l:iiii‘iiiiﬁll
Perylene Benzo[ghi]perylene
PER BPER

Figure 7 :Polyaromatic hydrocarbons dataset. Distinct states at each PAH type are indicated
and labeled.

suggested by Wang en Frenklach on the basis of semi-empirical calculations. (26). Only three classes were
suggested due to the limited dataset that was considered. Other interesting references concerning BDEs
of aryl radicals are the works of Chen et al. , Aihara et al. and Cioslowski et al. (27; 28; 29). The latter
reference approximates the closest our work since the results are also based on ab initio techniques.

Kinetics of hydrogen abstraction by the methyl radical from PAHs. In this part attention is focussed
on the influence of the local environment of the C-H bond on the kinetics of corresponding abstraction
reactions by a methyl radical. Rate constants k(T), and corresponding activation energies F, and pre-
exponential factors A, for the reactions between the various PAHs and methyl radical were calculated
at the BMK/6-311+G(3df,2p)//B3-LYP/6-311G(d,p) level in the temperature interval of 700 to 1100
K, which is relevant for the steam cracking and coke formation processes. Two refinements are taken
into consideration in the calculations: the effect of tunneling corrections on the one hand, and a refined
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18 Figure 8 : BDEs for various PAHs

20 description of the low-energy torsion of the methyl group in the TSs on the other. The calculated rate
21 constants, activation energies and pre-exponential factors for the hydrogen abstractions are taken up in
22 table 3.

23 The relative rates for hydrogen abstraction by a methyl radical at site X with respect to a benzene-like
24 site are presented in Figure 9. It can be concluded that abstraction is always preferred at less congested

26 0.160

0.140 1
29 0.120 1

I 0.100 1
0.080 1
33 Kg  0.060

0.040

36 00201 - e ———_—————— — S—BNA ]
37 oot

38 700 750 800 850 900 950 1000 1050 1100

K —

Figure 9 : Rate constant for hydrogen abstractions with a methyl radical at site X, relative
43 to the rate constant at the B site, as function of temperature

45 PAH molecules and most preferably at benzene-like sites. Earlier work also showed that even within a
46 specific PAH, abstraction at B-like sites is always preferred over abstraction at more congested sites. For
47 instance, for the various sites within the phenanthrene (P) molecule, the abstraction at the P-like site is
48 more difficult than abstraction at the B-like sites (30)
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site

k700

kooo

k1100

E,

A

B-1
N-1
N-2
A-1
A-2
A-3
T-1
T-2
T-3

2.50F+04
1.45E4-04
1.74E+04
7.36E4-03
1.34E-+04
1.99E+04
7.62E+03
1.78E+04
2.15E+04

5.12E405
2.99E405
3.53E405
1.64E+05
2.76E+05
3.96E+05
1.68E405
3.62E405
4.25E4+05

3.97E+-06
2.36E+06
2.76E406
1.35E+06
2.18E4-06
3.05E4-06
1.39E+06
2.83E4-06
3.26E4-06

80.9
81.6
81.1
83.6
&1.6
80.7
83.4
81.2
80.4

2.62 E+10
1.69 E410
1.86 E+10
1.20 E+10
1.55 E+10
1.96 E+10
1.20 E+10
1.94 E+10
2.04 E+10

PH-1
PH-2
PH-3
PH-4
PH-5
BPH-1
BPH-2
BPH-3
BPH-4
BPH-5
BPH-6
DBPH-1
DEPH-2
DEFPH-3
DBPH-4
DBPH-5
DBPH-6
DBPH-7
BA-1
BA-2
BA-3
DBA-1
DBA-2
DBA-3
BNA-1
BNA-2
BNA-3
BPHA-1
BPHA-2
EPHA-3
C-1
FER-1
EFPER-1

2.91 E+03
8.62 E+03
8.43 E+03
6.39 E+03
7.87 E4+03
1.10 E403
4.63 E4-03
4.20 E4-03
3.30 E4-03
3.29 E403
3.77 E4-03
9.96 E+02
4.31 E4-03
3.48 E4+03
2.79 E403
2.78 E403
3.37 E+03
2.72 E403
1.92 E4-03
1.51 E4-02
3.69 E+03
4.84 E+01
3.79 E+03
9.51 E+03
1.19 E+03
1.42 E+02
9.43 E+02
4.59 E+4-02
1.09 E+02
1.30 E+03
3.63 E+04
2.24 E+03
4.71 E4-03

6.76 E+04
1.73 E+05
1.72 E+05
1.30 E+05
1.59 E+405
2.41 E+04
9.30 E+04
8.68 E+04
6.81 E404
6.92 E404
7.77 E+04
2.14 E+04
8.77 E4+04
7.40 E+04
5.86 E+04
5.97 E+04
6.92 E4+04
5.90 E+04
4.61 E+04
4.53 E+403
7.68 E+04
1.76 E+03
8.65 E+04
1.90 E+05
2.38 E+04
3.77 E4-03
1.27 E+-04
1.12 E+04
3.09 x 100
2.72 E+04
7.70 E+05
5.31 E+04
1.11 E405

5.78 E+05
1.34 E4-06
1.35 E+06
1.01 E4-06
1.24 E406
1.99 E4+05
7.21 E+05
6.85 E4-05
5.38 E4-05
5.54 E4-05
6.13 E4-05
1.74 E405
6.87 E4-05
5.96 E4-05
4.69 E+05
4.84 E+05
5.44 E4-05
4.80 E4-05
4.02 E+05
4.57 E404
6.10 E+05
2.02 E+04
7.32 E405
1.47 E+06
1.86 E+05
3.53 E+04
1.09 E+05
9.83 E+04
3.00 E+04
2.18 E+05
6.18 E+06
4.60 E+4-05
9.59 E+405

84.8
80.8
81.3
81.2
81.1
83.3
80.9
81.6
81.6
82.2
81.6
82.8
81.3
82.4
82.1
82.7
81.5
82.9
85.6
91.6
81.9
96.7
84.4
80.8
80.9
88.4
84.9
86.0
90.0
82.1
§2.3
§5.3
85.2

9.85 E+4-09
8.78 E+4-09
9.27 E+09
6.89 E+4-09
8.32 E4-09
1.71 E409
4.74 E4-09
4.90 E4-09
3.84 E+09
4.20 E4-09
4.38 E4-09
1.41 E409
4.72 E4-09
4.64 E4-09
3.54 E4-09
3.88 E+09
3.81 E4-09
3.93 E4-09
4.44 E+09
9.71 E+08
4.48 E+4-09
7.44 E408
7.03 E+09
9.54 E+09
1.23 E+09
5.30 E4-08
1.11 E4-09
1.13 E+09
9.33 E+08
1.64 E4-09
4.77 E4+10
4.93 E+09
1.01 E+10

Table 3. Rate constents and pre-exponential factor in dm”® mol™' s

—1
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and activation barrier in kJ mol~'. All values were obtained using

energies at the BMK/6-3114+G(3df 2p)//B3-LYP/5-311G(d,p) level and using a mixed HO/FR or HO/HR mcadel, with inclusion of Eckart
tunneling corrections.

4 Conclusions

In this paper, various elementary reaction steps important for coke formation during thermal cracking of
hydrocarbons are studied. At first instance all elementary reaction steps of a reaction network starting from

http://mc.manuscriptcentral.com/tandf/jenmol


User
site k700 k900 k1100 Ea A
B-1 2.55E+04 5.12E+05 3.97E+06 80.9 2.62 E+10
N-1 1.45E+04 2.99E+05 2.36E+06 81.6 1.69 E+10
N-2 1.74E+04 3.53E+05 2.76E+06 81.1 1.86 E+10
A-1 7.36E+03 1.64E+05 1.35E+06 83.6 1.20 E+10
A-2 1.34E+04 2.76E+05 2.18E+06 81.6 1.55 E+10
A-3 1.99E+04 3.96E+05 3.05E+06 80.7 1.96 E+10
T-1 7.62E+03 1.68E+05 1.39E+06 83.4 1.20 E+10
T-2 1.78E+04 3.62E+05 2.83E+06 81.2 1.94 E+10
T-3 2.15E+04 4.25E+05 3.26E+06 80.4 2.04 E+10
PH-1 2.91 E+03 6.76 E+04 5.78 E+05 84.8 5.85 E+09
PH-2 8.62 E+03 1.73 E+05 1.34 E+06 80.8 8.78 E+09
PH-3 8.43 E+03 1.72 E+05 1.35 E+06 81.3 9.27 E+09
PH-4 6.39 E+03 1.30 E+05 1.01 E+06 81.2 6.89 E+09
PH-5 7.87 E+03 1.59 E+05 1.24 E+06 81.1 8.32 E+09
BPH-1 1.10 E+03 2.41 E+04 1.99 E+05 83.3 1.71 E+09
BPH-2 4.63 E+03 9.30 E+04 7.21 E+05 80.9 4.74 E+09
BPH-3 4.20 E+03 8.68 E+04 6.85 E+05 81.6 4.90 E+09
BPH-4 3.30 E+03 6.81 E+04 5.38 E+05 81.6 3.84 E+09
BPH-5 3.29 E+03 6.92 E+04 5.54 E+05 82.2 4.20 E+09
BPH-6 3.77 E+03 7.77 E+04 6.13 E+05 81.6 4.38 E+09
DBPH-1 9.96 E+02 2.14 E+04 1.74 E+05 82.8 1.41 E+09
DBPH-2 4.31 E+03 8.77 E+04 6.87 E+05 81.3 4.72 E+09
DBPH-3 3.48 E+03 7.40 E+04 5.96 E+05 82.4 4.64 E+09
DBPH-4 2.79 E+03 5.86 E+04 4.69 E+05 82.1 3.54 E+09
DBPH-5 2.78 E+03 5.97 E+04 4.84 E+05 82.7 3.88 E+09
DBPH-6 3.37 E+03 6.92 E+04 5.44 E+05 81.5 3.81 E+09
DBPH-7 2.72 E+03 5.90 E+04 4.80 E+05 82.9 3.93 E+09
BA-1 1.92 E+03 4.61 E+04 4.02 E+05 85.6 4.44 E+09
BA-2 1.51 E+02 4.53 E+03 4.57 E+04 91.6 9.71 E+08
BA-3 3.69 E+03 7.68 E+04 6.10 E+05 81.9 4.48 E+09
DBA-1 4.84 E+01 1.76 E+03 2.02 E+04 96.7 7.44 E+08
DBA-2 3.79 E+03 8.65 E+04 7.32 E+05 84.4 7.03 E+09
DBA-3 9.51 E+03 1.90 E+05 1.47 E+06 80.8 9.54 E+09
BNA-1 1.19 E+03 2.38 E+04 1.86 E+05 80.9 1.23 E+09
BNA-2 1.42 E+02 3.77 E+03 3.53 E+04 88.4 5.30 E+08
BNA-3 5.43 E+02 1.27 E+04 1.09 E+05 84.9 1.11 E+09
BPHA-1 4.59 E+02 1.12 E+04 9.83 E+04 86.0 1.13 E+09
BPHA-2 1.09 E+02 3.09 x 100 3.00 E+04 90.0 5.33 E+08
BPHA-3 1.30 E+03 2.72 E+04 2.18 E+05 82.1 1.64 E+09
C-1 3.63 E+04 7.70 E+05 6.18 E+06 82.3 4.77 E+10
PER-1 2.24 E+03 5.31 E+04 4.60 E+05 85.3 4.93 E+09
BPER-1 4.71 E+03 1.11 E+05 9.59 E+05 85.2 1.01 E+10

User
Table 3. Rate constants and pre-exponential factor in dm3 mol−1 s−1 and activation barrier in kJ mol−1. All values were obtained using
energies at the BMK/6-311+G(3df,2p)//B3-LYP/6-311G(d,p) level and using a mixed HO/FR or HO/HR model, with inclusion of Eckart
tunneling corrections.


benzene and leading to naphthalene were studied in order to determine the slowest reaction steps ot the

Page 11 géthdork. The importance of all elementary reaction steps can only be validated when taking into account
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both rate constants for all elementary reactions and concentrations of gas-phase olefins and radicals. On
basis of such analysis it can be concluded that the initial hydrogen abstraction is the slowest step of the
reaction network. A competitive pathway for the initial hydrogen abstraction is the substitution reaction
leading to toluene. The rates of these reactions are somewhat higher than for the hydrogen abstraction but
due to the low concentration of methyl radicals in the reactor coils, also the substitution reaction is one of
the slowest steps of the network. The coking rate is thus determined by the rate by which initial surface
species are created, either by direct hydrogen abstraction or by an initial substitution and subsequent
hydrogen abstraction.

At second instance, the kinetic calculations were extended to larger polyaromatics, to investigate the
influence of the local environment of the coke surface on the kinetic parameters. A classification for the
reactivity of PAHs based on BDEs was proposed. Six different classes of C-H bonds could be identified.
The influence of the local environment of the active site on the kinetics was investigated by studying a
series of hydrogen abstraction reactions with the methyl radical. The latter reaction class was derived to
determine the global coking rate of the reaction network. It was found that the rate constants can vary
largely depending on the local structure of the polyaromatic surface. Moreover at typical temperatures
encountered during cracking, hydrogen abstractions preferentially occur at the less congested PAH sites,
such as benzene.

http://mc.manuscriptcentral.com/tandf/jenmol
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